This paper reported a scientific approach adopting microwave-assisted synthesis as a synthetic route for preparing highly active palladium nanoparticles stabilized by polyvinylpyrrolidone (Pd/PVP) and supported on reduced Graphene oxide (rGO) as a highly active catalyst used for Suzuki, Heck, and Sonogashira cross coupling reactions with remarkable turnover number (6500) and turnover frequency of 78000 h -1 . Pd/PVP nanoparticles supported on reduced Graphene oxide nanosheets (Pd-PVP/rGO) showed an outstanding performance through high catalytic activity towards cross coupling reactions. A simple, reproducible, and reliable method was used to prepare this efficient catalyst using microwave irradiation synthetic conditions. The synthesis approach requires simultaneous reduction of palladium and in the presence of Gaphene oxide (GO) nanosheets using ethylene glycol as a solvent and also as a strong reducing agent. The highly active and recyclable catalyst has so many advantages including the use of mild reaction conditions, short reaction times in an environmentally benign solvent system. Moreover, the prepared catalyst could be recycled for up to five times with nearly the same high catalytic activity. Furthermore, the high catalytic activity and recyclability of the prepared catalyst are due to the strong catalyst-support interaction. The defect sites in the reduced Graphene oxide (rGO) act as nucleation centers that enable anchoring of both Pd/PVP nanoparticles and hence, minimize the possibility of agglomeration which leads to a severe decrease in the catalytic activity.
Introduction
Over the past few decades, Nanoscience has emerged as a new promising interdisciplinary scientific field [1] [2] [3] [4] . Nanoclusters have been investigated for many catalytic applications due to their large surface-to-volume ratio. Recently, physical properties, it is of vital importance to control both the catalyst particle size as well as the catalyst particle size distribution [17] [18] [19] [20] [21] [22] [23] . The designed nanostructured materials were used as heterogeneous catalysts and their performance was compared to the traditional powder catalysts. Using those newly designed nanostructured materials led to extraordinary special properties with remarkable enhancement in activity due to controlling size, shape, reaction active sites, catalytic selectivity, and surface structure [24] [25] [26] .
The unique properties of polymers if used in combination with other transition metals like palladium are considered as a decisive factor that cause palladium nanoparticles to be used as an ideal candidate for enormous applications in biomedical, chemical, physical, environmental, biological, and other engineering fields [27] [28] [29] [30] [31] . Particularly, it was reported that polyvinylpyrrolidone (PVP) which is a cheap linear polymer could be used an efficient stabilizer that could easily stabilize palladium(0) nanoparticles. The high catalytic activity for metallic and bimetallic nanoparticles supported on Graphene nanosheets and its defect sites was recently reported by many researchers in the catalysis research field [32] [33] [34] [35] [36] [37] . It is widely known that one of the most important processes in the field of organic synthesis is the carbon-carbon bond formation through crosscoupling reactions that are catalyzed by transition metals. Those types of reactions are widely used in many areas like agricultural, medicinal, and pharmaceutical applications [11] [12] [13] 23, [38] [39] [40] [41] [42] . The new synthetic trends are mainly focused recently on using catalysis at the nano scale for green chemistry using microwave assisted synthesis [11] [12] [13] 15, 16, 18, 20, 22, 23, [40] [41] [42] [43] [44] [45] [46] .
In this context, Pd-PVP has been reported to be one of the most efficient catalysts in cross coupling reactions. Recently, carbon supported catalysts based on the single atom thick layer of carbon atoms in two dimensional (2D) honeycomb lattice named as Graphene have been considered as an ideal support due to its unique thermal, mechanical, electronic structures, and also high surface area [15, 16, 39, [47] [48] [49] [50] [51] [52] [53] . Furthermore, the outstanding characteristics of Gaphene enabled its combination with other metallic and bi-metallic nanoparticle catalysts which can be used in various chemical reactions and transformations. Moreover, the defects in the graphene lattice structure enabled an easy and excellent process of anchoring the metals like palladium at the nanoscale to the surface of Gaphene leading to tunable metal-support interaction through surface functionalities [11] [12] [13] [14] [15] [16] [50] [51] [52] . The role of polyvinylpyrrolidone (PVP) as a non-toxic, water soluble, and low-cost linear polymer is that it can simply enable forming film stability besides enhancing the chemical properties. The advantage of using PVP in combination with graphene is that PVP could interact with it by strong - stacking interaction. The addition of PVP adds a protective layer to the palladium particles which inhibits any possibility of metal-metal particle bond formation. Hence, prevention of the palladium particles sintering or agglomeration is achieved [2] [3] [4] 34] .
There are several synthetic routes that were used in order to prepare graphene based Pd-PVP catalysts including but not limited to chemical, hydrothermal, microwave-assisted synthesis methods [54] [55] [56] [57] [58] . However, it is important to notice that it was reported in several research findings that the adopted method of preparation play a pivotal role in their catalytic activity. Also, most of reported data from literature is mainly focused on the application in Suzuki cross-coupling; however, we report here a comprehensive evaluation of the catalytic activity of the prepared catalysts for several potential applications in Suzuki, Heck, and Sonogashira cross-coupling [2] [3] [4] .
This research was inspired by another synthetic route that was reported recently [2] [3] [4] . The aim of this work is to introduce a complete scientific study including the use of a new enhanced approach adopting microwave-assisted synthesis as a synthetic route for preparing highly active palladium nanoparticles stabilized by polyvinylpyrrolidone (Pd/PVP) and supported on reduced Graphene oxide (rGO) as a highly active catalyst used for Suzuki, Heck, and Sonogashira cross coupling reactions. Our adopted method is a kind of improvement for our recent work using microwave assisted synthesis to gain some favorable advantages including not only mild reaction conditions, short reaction duration, but also ligand free environmentally benign solvent system that provides high economic viability [11] [12] [13] [14] [15] [16] [50] [51] [52] 68 ].
Materials and Methods
Chemicals were used as received without any other purification. High-purity graphite powder (99.9999%, 200 mesh) was purchased from Alfa Aesar. Palladium nitrate (10 wt.% in 10 wt.% HNO3, 99.999%), ethylene glycol, aryl bromide, bromobenzene, and potassium carbonate were obtained from Sigma Aldrich.
Catalyst Preparation

Synthesis of Graphene Oxide (GO)
Hummers and Offeman method was used to prepare Graphene Oxide (GO) [59] [60] [61] [62] . In the adopted synthetic approach, the high-purity graphite powder was oxidized using a mixture of H2SO4/KMnO4. Graphite powder (4.5 g, 0.375 mol) and NaNO3 (2.5 g, 0.0294 mol) were mixed together in a conical flask and then the entire mixture was kept in an ice bath under continuous stirring. Then, a solution of concentrated H2SO4 (115 mL, 2.157 mol) followed by KMnO4 (15 g, 0.095 mol) were slowly added over a period of 2.5 h followed by addition of deionized water (230 mL while keeping the temperature of the mixture around 80 °C. Then, the entire mixture was stirred for nearly 20 min; and deionized water (700 mL) along with (10%) H2O2 (20 mL, 0.667 mol) were added and then, the reaction mixture was stirred for another 5 min. The resulting yellow-brownish cake was washed several times with 1 M HCl (20 mL) followed by deionized water (3 L). The resulting GO solid was dried at 60 °C overnight.
Synthesis of Pd nanoparticles stabilized by polyvinylpyrrolidone (Pd/PVP)
In typical experimental procedure, catalysts with different palladium loadings (5, 10, 20 wt%) on polyvinylpyrrolidone (PVP) were prepared. 30 mL mixture of deionized water and ethylene glycol (1:1) and the relevant weight of polyvinylpyrrolidone (PVP) based on a total weight of 100 mg of catalyst were sonicated for 1.5 h. Then, different volumes (97, 194, 388, 582 L, respectively) of palladium nitrate solution were added to the sonicated solution and stirring was maintained for 1.5 h. Then, the solution was heated using microwave for 30 s, and then the catalyst is dried.
Synthesis of Pd nanoparticles
Palladium nitrate (194 L was added to 50 mL mixture of deionized water and ethylene glycol (1:1), and the solution was then sonicated for 1 h and stirred for another 1 h. The entire mixture was heated via a microwave oven for 30 s, followed by filtering and washing with deionized water and finally ethanol, and then dried.
Synthesis of Pd/PVP nanoparticles supported on reduced Graphene Oxide nanosheets (Pd-PVP/rGO)
An amount of 60 mg of graphite oxide was added to a solution of PVP in 50 mL deionized water and sonicated at room temperature for 1 h. After the sonication time was completed, Palladium nitrate (10 wt.% in 10 wt.% HNO3, 99.999%, 1000 µL) was added to the resulting mixture and the entire solution was stirred for 3 h. Ethylene glycol was slowly added as a stabilizer and a reducing agent to this mixture at ambient temperature and the solution was further heated under microwave irradiation (1000 W) for 120 s. The final dark black color solution was filtered and the resulting black solid was washed with hot deionized water (40 mL) 5 times, ethanol (10 mL 5 times, and then dried overnight in the oven at 80˚C.
Catalysts
Temp. Transmission electron microscopy (TEM) images were taken using A JEOL JEM-1230 electron microscope. Thermo Fisher Scientific ESCALAB was used to perform the X-ray photoelectron spectroscopy (XPS) analysis.
General Procedure for Suzuki and Heck Cross-Coupling Reactions
Aryl halide (0.32 mmol, 1 eq.) was dissolved in a mixture containing 4 mL deionized water and ethanol (1:1) as a solvent system. Both aryl boronic acid (0.382 mmol, 1.2 eq.) and potassium carbonate (0.96 mmol, 3 eq.) were also added to the deionized water-ethanol mixture. Pd-PVP/rGO (1 mol %) catalyst was added and the mixture was heating via microwave at 120 °C for 12 min. Finally, the resulting mixture was then extracted with CH2Cl2 and the solid product was dried.
General Procedure for Catalyst Recycling
Aryl halide (0.32 mmol, 1 eq.) was dissolved in a 6 mL mixture of deionized water and ethanol (1:1). Both aryl boronic acid (0.382 mmol, 1.2 eq.) and potassium carbonate (0.96 mmol, 3 eq.) were also added to the deionized waterethanol mixture. Pd-PVP/rGO (1 mol %) catalyst was added and the mixture. Then, the mixture is heated at the assigned temperature and time as presented in Table 1 . After the reaction was completed, the catalyst was completely removed and then used again.
Results and Discussion
Suzuki cross-coupling reaction of bromobenzene and phenyl boronic acid in 50 vol. % aqueous ethanol under various reaction conditions was investigated using microwave reactor (Scheme 1). The temperature impact on the catalytic activity was studied through implementing the reaction at constant reaction time (12 min) and different temperatures (80, 100, 120 ºC) using the synthesized Pd-PVP/rGO catalysts (1 mol%) and compared to using Pd/PVP catalyst (1 mol%) in absence of the reduced graphene oxide.
It was confirmed experimentally that increasing temperature lead to higher conversion to the product and the maximum conversion was found to be obtained at 120 ºC. This profile was similar for Pd/PVP and Pd-PVP/rGO catalysts with different Pd loading percents on the solid support (5, 10, and 20 wt%) as shown in Table 1 . It was found that increasing palladium loading (5, 10, and 20 wt%) improves the conversion as the maximum product conversion was found to be 100% for 20 wt% Pd loading at 120 ºC. It was also found experimentally that further increase in palladium loading (30 wt% and higher) has a negative influence on the catalytic performance as the conversion was less than 60 % and this may be due to the harmful influence of the agglomeration that Table 2 . Suzuki cross coupling reactions with various substrates using Pd/PVP and Pd-PVP/rGO catalyst * Aryl halide (0.32 mmol, 1 eq.), aryl boronic acid (0.382 mmol, 1.2 eq.), potassium carbonate (0.96 mmol, 3 eq.), and catalyst (1 mol%) in 4 mL (H2O: EtOH) (1:1) were heated at 120 o C (microwave irradiation) for 12 min. Conversions were determined by GC-MS. a Conversion was calculated for Suzuki cross coupling reactions using (1 mol%) Pd/PVP catalyst. b Conversion was calculated for Suzuki cross coupling reactions using (1 mol%) Pd-PVP/rGO catalyst. It is remarkable to note that performing the reaction under the optimum conditions but with using 1 mol % Pd nanoparticles instead of 1 mol % Pd-PVP/rGO lead to a lower conversion (less than 40 %) and this confirms the decisive role played by in preventing the agglomeration of palladium nanoparticles and hence minimize the decrease in the catalyst activity [60] [61] [62] [63] [64] [65] [66] [67] . The diversity of several substrates using Pd/PVP and Pd-PVP/rGO catalysts has been explored in Tables 2 and 3 . However, the diversity study of substrates in Heck cross-coupling reaction using both Pd/PVP and Pd-PVP/rGO catalysts is explored in Table 4 . It is obvious from the obtained data that using reduced Gra-phene oxide (rGO) as a support has a great influence on the catalytic activity due to the high surface area of Graphene (2630 m 2 /g).
From the study of TEM images, the effect of using graphene enabled us to obtain well dispersed and smaller nanoparticles of size (10 ± 2 nm) as in Figure 1 -a. The TEM images here is completely matching with the high catalytic activity obtained from the experimental results in case of Pd/PVP and Pd-PVP/rGO when compared with the same catalysts after the fifth run which is due to the agglomeration process of the particles that probably took place after reaction as shown in Figure 1-b . Figure 2 displays XRD pattern of Pd-PVP supported on reduced graphene oxide (rGO) that was prepared by microwave assisted synthesis. There is an Table 3 . Diversity of Suzuki cross coupling reactions using Pd/PVP and Pd-PVP/rGO catalyst * Aryl halide (0.32 mmol), aryl boronic acid (0.382 mmol, 1.2 eq.), potassium carbonate (0.96 mmol, 3 eq.), and catalyst (1 mol %) in 4 mL (H2O: EtOH) (1:1) were heated at 120 o C (microwave irradiation) for 12 min. Conversions were determined by GC-MS. a Conversion was calculated for Suzuki cross coupling reactions using (1 mol%) Pd/PVP catalyst. b Conversion was calculated for Suzuki cross coupling reactions using (1 mol%) Pd-PVP/rGO catalyst. additional peak at 26.1 (002) ascribed to reduced graphene oxide (rGO). This is an indication of reduction of graphene oxide (GO) into reduced graphene oxide (rGO). Palladium content in Pd-PVP/rGO catalysts was determined via using inductively coupled plasma (ICP-OES) and it was confirmed to be 3.5, 6.5, 14 wt% Pd compared to prepared 5 wt%, 10 wt%, and 20 wt% of Pd/PVP/ rGO, respectively. XRD pattern of Pd-PVP/rGO catalyst shows a sharp diffraction peak at 2θ of 40º which is characteristic to palladium as in Figure 2 . XPS technique is widely used as a more reliable and sensitive approach for implementing the surface analysis of oxides than XRD [63] . The surface composition of the prepared catalysts was characterized using XPS as in Figure  3 for the 20 wt% Pd-PVP/rGO catalyst. All the samples due to carbon contamination have C1s binding energy around 284.5 eV. As shown in Figure 3a , the binding energy of Pd 3d 5/2 was 334.8 eV, and Pd 3d 3/2 was 340.1 eV indicating that the Pd was ascribed to Pd 0 . Similarly, the binding energy of Pd 3d 3/2 was 341.38 eV, and Pd 3d 5/2 was 336.23 eV indicating that the Pd was present as PdO (Pd 2+ ) which is in agreement with the data found in literature.
Br
The catalyst recycling process was previously discussed in section 2.4 and is summarized in Table 5 . Table 5 and Figure 4 , confirm the high catalytic activity of the catalyst. The catalyst with 0.5 mol % could be recycled up to four times with almost 100 % conversion. On the other hand, increasing the mole percentage to 1 mol %, lead to recycling for five times with conversion nearly 100 % with excellent turnover number (6500) and turnover frequency of 78000 h -1 . The deactivation of Pd-PVP/rGO catalysts can be confirmed through TEM images of the catalyst after 5 th run. This is mainly due to the harmful effect of the agglomeration process of Pd nanoparticles on the support surface as in Figure 1 -b. The extent of Pd leaching from prepared catalyst was investigated through performing the reaction in the presence of 0.5 mol% catalyst at 120 °C for 12 min using microwave assisted synthesis technique. After (5 th run), the resulting mixture was filtered and then the content of Pd was measured in the filtrate and it was found to be 185 ppm based on the ICP-OES analysis.
Conclusions
The microwave-assisted synthesis approach could simply provide a facile and effective route with shorter reaction times than those reported by other methods. It is also worth to note that even very low loading of palladium were sufficient to catalyze the reactions however, better conversion was obtained while increasing the loading. The mixture containing palladium nitrate, PVP, and graphite oxide sheets was reduced using ethylene glycol, which is used as a solvent and a reducing agent as well. It was confirmed that prepared catalysts were stable, recyclable, and highly active towards Suzuki, Heck, and Sonogashira cross -coupling reactions with nearly 100% conversion for the first run of the catalyst and with excellent turnover number (6500) and turnover frequency of 78000 h -1 . Moreover, the catalysts are stable and can be reused up to five times with essentially no loss in the catalytic performance for a wide range of substrates under batch reaction conditions. The use of PVP offered an outstanding platform to design this efficient catalyst through forming strong interaction with graphene while maintaining excellent hydrophilic capability enabling not only ideal dispersion of rGO sheets in PVP matrix but also, excellent stabilization of the reduced Graphene oxide (rGO). From experimental data, it is well demonstrated that PVP has a significant effect as it is not only serve as a stabilizer but also as a mild reductant, that could contribute to the reduction of GO as well.
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